mesenteric venules (diameter, 21-40 gm) using intravital videomicroscopy. Puncture of the wall with glass micropipettes (tip, 6-8 ,um) evoked the formation of a thrombus in all venules. In most vessels, emboli were produced as well. 
A striking phenomenon in the microcirculation of the exposed mesentery is leukocyte margination. Leukocytes roll along the wall of venules at a velocity clearly lower than that of the flowing blood cells. This behavior, which is not observed in mesenteric arterioles even after vessel wall injury,' may be the first step in the reaction of leukocytes to inflammatory stimuli and is followed by their adherence to the wall, diapedesis, and migration into the tissue. 2 During recent in vivo experiments in which the interaction of blood platelets with a microinjured vessel wall was studied,3 we noticed that this interaction influenced leukocyte rolling in venules. Although studies performed in vitro indicate that leukocyte behavior can be altered by substances derived from activated platelets4-6 or damaged endothelial cells,6,7 it is not clear whether such cell-cell interactions also occur in vivo.
The aim of the present study was to use intravital videomicroscopy to investigate in vivo, in rabbit mesenteric venules, whether interactions between platelets and a damaged vessel wall influence leukocyte rolling. Since this was found to be the case, the involvement of prostaglandins, if any, was investigated by repeating the study after pretreatment of rabbits with aspirin, in a dose sufficiently high to inhibit the enzyme cyclooxygenase in both platelets and the vessel wall.' The possible role of thromboxane A2 (TXA2) was studied by administration of sulotroban, a selective TXA2-receptor blocker.8
Materials and Methods

Experimental Setup and Intravital Videomicroscopy
Experiments were performed on 34 rabbits of various breeds and either sex. Their weights ranged from 1.9 to 3.5 kg. Anesthesia was induced by intramuscular injection of 40 mg/kg body wt ketamine hydrochloride (Vetalar, Parke Venules were selected, ranging in diameter from 20 to 40 ,um. To induce an injury, the vessel wall was punctured with a glass micropipette (tip diameter, 6-8 ,um), as previously described.3 In short, the tip of a micropipette was placed against the wall of a venule (see Figure 1) with the help of a micromanipulator. Puncture of the vessel was performed by tapping on the micromanipulator, which caused the micropipette to penetrate the wall, whereupon it spontaneously returned to its original position. Puncture was considered to be successful only if red blood cells left the vessel. The moment of puncture and the subsequent intravascular reactions were recorded on videotape for a period of 600 seconds.
Immediately after puncture, bleeding and the formation of a thrombus started in all vessels. Ongoing activation of circulating platelets with subsequent adhesion and aggregation occurred in most vessels, preferentially on the downstream side of the thrombus. After some time, such a downstream part broke loose and embolized. This process of thrombus growth and embolus formation could repeat itself several times. The size of the thrombus itself remained more or less the same after each embolization. This thromboembolic reaction was analyzed off-line. Bleeding time, thrombus height relative to the local vessel diameter, the number of emboli produced, and the duration of embolization were determined. Emboli were only counted if their short axis, perpendicular to the vessel wall, was greater than 25% of the local vessel diameter. Aggregates of smaller dimensions could not always be distinguished from the background with sufficient accuracy.
Leukocyte Rolling
The number of rolling leukocytes was determined off-line near the site of puncture by two independent observers. All leukocytes that were moving along the vessel wall and could be detected by eye were considered as rolling ( Figure 1 ). Rolling leukocytes either moved at a rather constant velocity, which is approximately an order of magnitude lower than red blood cell velocity, or saltated (i.e., periods of contact with the wall were alternated with periods of traveling in the blood stream).1516 To include also the saltating cells, counting was performed in a vessel segment with a length of 50-100 ,um, adjacent to the thrombuscontaining segment. Cells present in the segment at the beginning of the period of counting were not included. Rolling was expressed as the number of cells passing per minute through the cross section at the entrance of the vessel segment. The numbers found by the different observers were averaged.
In 36 venules of 20 control rabbits, the number of rolling leukocytes was determined before puncture and at several moments after puncture, both up- stream and downstream from the thrombus. The periods of counting lasted 60 seconds. To evaluate the influence of puncture itself, in 15 of the venules the number of rolling leukocytes before puncture was determined proximal to the site of injury and compared with the number determined in the same vessel segment immediately after puncture. The first counting period after puncture started after bleeding had stopped but always within the first minute after induction of vessel wall injury. In six venules, a thrombus was formed, but no embolization occurred; in these vessels, counting was performed only once. In the other 30 venules, a thrombus as well as emboli were produced. In 15 of these vessels, the number of rolling leukocytes could be determined during the process of embolization and, in most instances (n = 12), again after embolization had stopped. In the other 15 venules, the period of embolization was so short that counting started after embolization had already stopped.
In all experiments, the mid plane of a vessel, where the diameter was largest, was kept in focus. To assure that all rolling leukocytes in a selected vessel segment could be distinguished, including those not in the plane of focus, the objective was focused up and down through the lumen of some vessels (diameters 30-40 gm). In this way it could be demonstrated that, indeed, leukocytes rolling along the upper or lower wall were seen when focus was in the mid plane of the vessel.
With increasing duration of an experiment, more substances produced by the exteriorized mesenteric tissue, if any, may preferentially enter the venules, because of their relatively high permeability as compared with that of arterioles.17 Such substances could influence leukocyte behavior and the thromboembolic reaction in the venules. Therefore, it was investigated whether the duration of an experiment (i.e., the time period between the moment of mesentery preparation and puncture) was related to leukocyte rolling and/or thromboembolic parameters.
Effects ofAspirin
To investigate the role of prostaglandins in the influence of the thromboembolic reaction on leuko- The influence of this dose of aspirin on platelet function and on leukocyte rolling was also studied separately. The effect on platelet function was determined by performing ex vivo aggregation tests. Before and 3 hours after administration of aspirin to the rabbits, 4.5 ml blood was collected from a central ear artery in 0.5 ml of 3.13% trisodium citrate (110 mM).
The preparation of platelet-rich plasma (300,000 platelets/,ul) and the aggregation tests were performed as described previously.19 Aggregation was induced by collagen (Horm, Hormon-Chemie, Munchen, FRG); final concentrations were 5, 10, and 20 ,g/ml. A final concentration of 5 ,ug/ml collagen normally induces a submaximal aggregation (90-95% of the maximal reaction). From the tracings the maximal degree of aggregation and the maximal rate of aggregation were determined.19 Drifts in gas tensions and pH in the platelet-rich plasma before and during the aggregation tests were prevented by keeping the platelet-rich plasma in closed volumes with 95% N2-5% CO2.
The influence of aspirin on leukocyte rolling was studied in three more rabbits. The number of rolling leukocytes was determined in duplicate immediately before as well as 20, 50, and 80 minutes after administration of aspirin. The results obtained were compared with data from three control experiments, in which the rabbits only received the vehicle.
Effects of Sulotroban
To determine whether TXA2 is involved in the cell-cell interactions investigated in the present study, three rabbits received 30 mg/kg sulotroban (BM 13.177, kindly provided by Boehringer Mannheim GmbH, Mannheim, FRG) at the beginning of an experiment. In rabbits, this substance acts as a TXA2 receptor blocker.8 Sulotroban was suspended in saline (154 mM NaCl) and dissolved by adding NaOH (1.ON) under stirring up to an equimolar concentration (final concentration of sulotroban, 30 mg/ml). The pH of the solution was adjusted to 7.4. The compound was administered like aspirin.
The effect of sulotroban on the sensitivity of blood platelets to TXA2 was tested ex vivo by means of platelet aggregation induced by the TXA2 mimetic agent U46619 (The Upjohn Co., Kalamazoo, Mich.); final concentrations were 1 and 10 ,uM. In control situations, 1 ,uM U46619 induces a submaximal aggregation reaction (90-95% of the maximal reaction).
Collection of the blood, aggregation tests, and analysis of the tracings were performed as described above.
Statistics
Because of their nonsymmetrical distribution, most data are presented as medians. Correlations were performed with Spearman's nonparametric rank correlation test (coefficient r,). Paired data groups were compared using the Wilcoxon signed-rank test. The Mann-Whitney U test was used to compare independent data groups. In all tests20 the level of significance was set at 5%.
Results
In the control rabbits as well as in the rabbits treated with aspirin or sulotroban, electronic platelet counts (range, 170-632x10 platelets per liter), hematocrits (32-43%), mean arterial blood pressures (65 +8 [mean± SD] mm Hg), and heart rates (118± 21 beats per minute), as measured at the moments of puncture of the venules, were all within the normal ranges. 3, 9, 21 After puncture of the venular wall, bleeding times were short in the vessels of all groups, ranging from 0.1 to 15.0 seconds (median, 1.9 seconds). A thrombus was formed in all vessels within 1-2 seconds. The relative thrombus heights as well as the fluid dynamic conditions in the venules of control and aspirin-and sulotroban-treated rabbits are summarized in Table  1 In the venules in which only a thrombus was formed but no emboli, the number of rolling leukocytes was not systematically different in the upstream and downstream vessel segments, as is shown in Figure 2A . In contrast, in all venules in which emboli were produced and in which the number of rolling leukocytes could be counted during embolization, leukocyte rolling decreased from upstream to downstream from the thrombus ( Figure 2B ; median decrease, 45%; pO.001). The decrease in leukocyte rolling still existed after embolization had stopped ( Figure 2C ; counted on the average between the third and fourth minute after embolization; median decrease, 50%; pO.01). In nine vessels, leukocyte rolling was counted again up to the 10th minute after embolization had stopped. Within this period, the decrease in leukocyte rolling hardly changed; it diminished by only 8% (median value) from the first period of 5 minutes to the second period of 5 minutes after embolization.
The change in the number of rolling leukocytes, expressed as the downstream/upstream ratio, was weakly correlated with the number of emboli produced per vessel (rs=-0.45, p<0.01, n=36). The correlation with thrombus height (rs=-0.41) was close to the level of significance (pO.10). Thrombus height did not change during and after the process of embolization; no adhesion of leukocytes to the thrombus was observed. No relation was found between the change in leukocyte rolling on the one hand and vessel diameter, mean red blood cell velocity, or reduced velocity on the other.
Effects ofAspirin
Ex vivo, aspirin treatment completely inhibited platelet aggregation as induced with 5 or 10 Lg/ml collagen.
With 20 gg/ml collagen, the inhibitory effect of aspirin was still strong: the maximal degree and rate of aggregation were reduced to 11% and 3%, respectively, of the reaction before aspirin administration. The thromboembolic reaction, as induced by puncture in vivo, was not significantly influenced by aspirin treatment. Neither the relative thrombus height (Table 1) nor the number of emboli produced (median, 2.5; range, 0-7) was different from control.
Aspirin did not significantly influence the degree of leukocyte rolling in the course of an experiment. Twenty, 50, and 80 minutes after aspirin administration, the number of rolling leukocytes, as normalized to the number before administration, was 1.18, 0.80, and 0.63, respectively (median values, eight venules). These values were not different from the number of rolling leukocytes in the rabbits that only received the vehicle (0.82, 0.62, and 0.66, respectively; nine venules). Figure 3 shows the effect of the thromboembolic reaction on leukocyte rolling in the aspirin-treated rabbits (10 venules). In the two venules in which only a thrombus was formed but no emboli. leukocyte rolling decreased from upstream to downstream from the thrombus in one vessel and increased in the other ( Figure 3A ). In the venules in which counting was performed during embolization (n =7), a small but nonsignificant decrease in leukocyte rolling was noted ( Figure 3B ; median decrease, 12%; p=O.10). The same holds for the eight venules in which leukocyte rolling was counted after embolization had stopped ( Figure 3C ; median decrease, 14%;p>0.10).
Effects of Sulotroban
Ex vivo, sulotroban completely inhibited platelet aggregation as induced with 1 ,M U46619. Aggregation induced with 10 ,.M U46619 was also inhibited; maximal degree and rate of aggregation were diminished to 77% and 65%, respectively, of the reaction before administration of sulotroban.
The thromboembolic reaction in vivo was not significantly influenced by sulotroban treatment. Both thrombus height (Table 1) and number of emboli produced per vessel (median, 3; range, 0-20)
were not significantly different from control. The influence of the thromboembolic reaction on leukocyte rolling in the venules (n=8) of the sulotroban-treated rabbits is shown in Figure 4 . In two venules, a thrombus was formed, but no embolization occurred. In one of these vessels, leukocyte rolling decreased from upstream to downstream from the thrombus, whereas it increased in the other ( Figure   4A ). In the six venules in which emboli were produced, leukocyte rolling decreased significantly from the upstream to the downstream vessel segment during embolization ( Figure 4B ; median decrease, 66%; pcO.05). In the four venules in which the degree of leukocyte rolling could be determined after embolization had stopped, the median decrease was also 66% ( Figure 4C , sample too small to test statistically).
Comparison ofAspirin and Sulotroban Data With Control
In Figure 5 , the median influence of the thromboembolic reaction on leukocyte rolling is shown for all three groups of rabbits. The influence was significantly different in the aspirin-treated and control rabbits. After embolization had stopped, the decrease in leukocyte rolling from upstream to downstream from the thrombus was significantly less in the aspirin-treated group (p<0.05); during embolization the difference did not reach the level of significance (p<0.10). In the sulotroban-treated rabbits, the change in leukocyte rolling from upstream to downstream from the throm- (Figures 2A, 3A , and 4A) implies that the relatively high velocity in the stenosis is not the cause of the detachment of rolling leukocytes from the wall into the central blood stream. In addition, the observation that thrombus heights and fluid dynamic conditions are similar to control in the venules of the aspirin-and sulotroban-treated rabbits (see Table 1 ) indicates that the effective cross-sectional area of the thrombi as well as the fluid dynamic conditions around the thrombi are similar in the three groups. 22 Hence, the differences in results among these three groups are not caused by fluid dynamic factors. These statements are supported by the findings that the degree of leukocyte rolling before puncture and the change in leukocyte rolling, as induced by the thromboembolic reaction, do not correlate with any of the fluid dynamic parameters measured. This is in accordance with the observation of Mayrovitz and coworkers23,24 that the number of rolling leukocytes in venules is not influenced by changes in blood flow.
The decrease in rolling of the leukocytes downstream from the thrombus is not caused by attachment to and capture of leukocytes within the emboli: the number of rolling leukocytes is still decreased after embolization has stopped (compare Figures 2B  and 2C ). Because the size of the thrombus itself does not visibly change during and after embolization, it is unlikely that the decrease in leukocyte rolling results from adherence of leukocytes to the thrombus.
In the light of the above arguments, the diminished degree of leukocyte rolling distal to the thrombus during and after embolization is likely to be caused by substances released from activated platelets and/or from cells in the damaged vessel wall during the second phase of the thromboembolic reaction (i.e., the phase of embolization). This is supported by the significant correlation between embolus production and, hence, platelet activity on the one hand and the change in leukocyte rolling on the other, which indicates that such substances are produced in relatively large quantities when embolization activity is high. The finding that leukocyte rolling is still decreased up to 10 minutes after embolization has stopped, however, suggests that these substances are not involved in the activation of platelets themselves. Therefore, platelet-activating substances that have been shown to play a role in interactions between platelets, endothelial cells, and leukocytes in vitro, like 12-hydroxyeicosatetraenoic acid, serotonin, and platelet-activating factor,4-6 are probably not directly involved in the in vivo cell-cell interactions observed in the present study. Moreover, these substances have been reported to augment rather than inhibit leukocyte adhesiveness in vitro.4-6 An alternative possibility is that platelet antagonists are involved. Substances released by endothelial cells, like platelet-inhibiting prostaglandins or endothelium-derived relaxing factor, may simultaneously limit the duration of the thromboembolic reaction and the extent of leukocyte rolling. This notion is supported by our findings with aspirin and sulotroban.
-fhe data obtained from the aspirin-treated rabbits indicate that the influence of the thromboembolic reaction on leukocyte rolling is at least in part mediated by prostaglandins. These prostaglandins probably do not play a major role in leukocyte rolling or thromboembolic reaction themselves, because aspirin influenced neither the degree of leukocyte rolling in the course of an experiment nor the number of emboli produced in venules. The experiments performed with sulotroban, which blocks TXA2 receptors8 but does not interfere with the production of other substances in the cyclooxygenase pathway, show that TXA2 is probably not involved. This finding is in agreement with the above arguments that platelet-activating substances do not play a role in the decrease of leukocyte rolling from upstream to downstream from a thrombus. Moreover, this finding does not necessarily contradict reports on a mediating role of TXA2 in leukocyte adhesiveness25 and diapedeSiS,26 because of the increasing evidence that different mechanisms are involved in the rolling of leukocytes and maintained leukocyte adherence. 27, 28 A substance that may be involved is prostacyclin (PGI2). This prostaglandin, in concentrations present in vivo, inhibits adherence of polymorphonuclear leukocytes to cultured endothelial cells,7 whereas a synthetic PGI2 analogue has been shown to reduce leukocyte accumulation in the ischemic myocardium in vivo. 29 The production of PGI2, a substance that is synthetized by vascular cells and especially endothelial cells,30 can be stimulated by platelet agonists31 that are produced at the site of vessel wall injury. It inhibits platelet activation32 and will limit the extent of the thromboembolic reaction. It is conceivable that the extra production of PGI2 continues over a longer period of time than the thromboembolic reaction, as observed through the microscope. This would explain the finding that the decrease in leukocyte rolling is still present when embolization has stopped. Besides the possible involvement of PGI2, a role for other prostaglandins produced by the vessel wall, like prostaglandin D2 and prostaglandin E2,33,34 cannot be excluded.
Inhibition of the cyclooxygenase pathway by 100 mg/kg aspirin in rabbits is associated by an overflow of arachidonic acid into the lipoxygenase pathway.' This may result in the formation of leukotrienes. 35 Leukotriene B4 has been shown to induce in vivo an increase in leukocyte adherence to the venular wall, accompanied by a decrease in leukocyte rolling. 36 It is unlikely that in the aspirin-treated rabbits in the present study this overflow has led to a large enough production of leukotrienes to influence leukocyte behavior, because no increase in leukocyte adherence is observed, whereas the change in degree of leukocyte rolling over the thrombus was less than in the control group.
In conclusion, this is the first report on in vivo interactions between blood platelets, leukocytes, and vascular cells at a site of vessel wall injury. The rolling of leukocytes, a phenomenon found in venules and not in arterioles, is inhibited by platelet-vessel wall interactions after vessel wall damage. This phenomenon is not the result of fluid dynamic effects caused by the thrombus or capture of leukocytes in the emboli or the thrombus. Substances produced by activated platelets and/or damaged vascular cells that are able to inhibit leukocyte rolling are likely to be involved. The identity of these substances is not yet clear; the present study indicates that prostaglandins other than TXA2 are involved.
